Introduction
Advances in sequencing technology have provided an abundance of genomic data from prokaryotic organisms (Ghai et al. 2004 ). This abundance has in turn facilitated a number of whole-and comparative-genome analyses (Kanaya et al. 1999; Akashi and Gojobori 2002; dos Reis et al. 2003) . Even before whole-genome analysis was possible, it was known that some organisms exhibit striking biases in their utilization of synonymous triplet codons Grantham, Gautier, Gouy, and Pave 1980; Robinson et al. 1984; Kanaya et al. 1999; Akashi 2003) in ways that are correlated with the relative abundance of the isoacceptor tRNAs for each codon (Ikemura 1981a (Ikemura , 1981b ) and the copy number of the individual tRNA genes (Kanaya et al. 1999) . Adherence to these codon-usage biases in prokaryotes is selectively advantageous and has been shown to be responsible for 3-to 6-fold differences in translation rates (Robinson et al. 1984) and up to 10-fold differences in the accuracy of translation (Precup and Parker 1987) .
Some regions of a protein's primary structure are under strong selective pressure (e.g., active sites), making the observation of even conservative substitutions uncommon in naturally occurring populations, whereas other regions of proteins are much more likely to display sequence variability (Axe 2000) . The primary structure of a protein can also be constrained by a variety of cellular processes, including the organism's metabolic pathways (Craig and Weber 1998) , the translation rate of the mRNA (Ikemura 1981a (Ikemura , 1981b , and the production cost of the amino acids (Craig and Weber 1998) .
Given that the energy expended to biosynthesize amino acids varies considerably, ranging from 11.7 (glycine and alanine) to more than 74 (tryptophan) high-energy phosphate bonds (;PO 4 ) (Akashi and Gojobori 2002) , and that energy availability commonly limits prokaryotic growth, it is reasonable that natural selection would favor substitutions that resulted in the utilization of less energetically costly amino acids where possible. Manifestation of such a substitution bias should be greatest in highly expressed genes in much the same way as adherence to codon-usage biases tend to be greatest in genes that are expressed at high levels Grantham, Gautier, Gouy, and Pave 1980; Ikemura 1981a; Robinson et al. 1984; Kanaya et al. 1999; Lafay et al. 2000; dos Reis et al. 2003) . Indeed, Akashi and Gojobori (2002) have demonstrated that genes that adhere to organismal codon-usage biases most strongly (and, by inference, are most highly expressed) tend to incorporate lower cost amino acids in Escherichia coli and Bacillus subtilis. By performing a Spearman rank correlation (Spearman 1904) , they were able to demonstrate a negative correlation between the major codon usage (MCU) of a gene and the average biosynthetic cost of the amino acids incorporated into the expressed protein.
In their analysis, Akashi and Gojobori (2002) performed complete genomic analyses of only 2 organisms (E. coli and B. subtilis), both of which have all the metabolic pathways necessary for biosynthesis of each of the 20 common amino acids. Although the codon-usage biases of E. coli and B. subtilis differ (Kanaya et al. 1999) , their amino acid biosynthetic costs, pathways, and capabilities are the same (Ogata et al. 1999; Overbeek et al. 2000) . Other prokaryotic organisms have significantly different amino acid biosynthetic costs (Craig and Weber 1998), pathways (e.g., Hess 2004) , and capabilities (e.g., Razin 1999) yet still exhibit pronounced codon-usage biases (e.g., Zavala et al. 2002) . Further, factors other than translation efficiency and accuracy, such as skewed genomic GC content (McHardy et al. 2004) or adaptation to extreme environmental conditions (Zavala et al. 2002) , may also contribute to an organism's codon-usage and amino acid utilization biases. If the trends reported by Akashi and Gojobori (2002) are the result of natural selection favoring the utilization of amino acids that are less energetically costly to biosynthesize, then similar but different trends should also be present in prokaryotes with different amino acid biosynthetic costs, pathways, and capabilities as well as adaptation to extreme environments. To address this issue, we have confirmed the original analysis of Akashi and Gojobori (2002) and expanded it to include organisms with different amino acid biosynthetic costs and pathways (Synechocystis sp. PCC 6803) and amino acid production capabilities (Chlamydia trachomatis and Chlamydophila pneumoniae AR39) and an extreme thermophile (Thermus thermophilus HB27).
Materials and Methods

Genomic Data
Annotated files containing gene location information as well as complete genomic sequences were obtained from http://www.ncbi.nih.gov/genomes/lproks.cgi for all 6 organisms considered in this study (B. subtilis, E. coli K12, C. trachomatis, C. pneumoniae AR39, Synechocystis sp. PCC 6803, and T. thermophilus HB27). Genes that were described as ''phage related'' or ''transposon related'' in the annotated file were removed from further consideration as were candidates for horizontal gene transfer (Garcia-Vallve et al. 2003 ) because they may not reflect the codon-usage bias of the organism (dos Reis et al. 2003; Garcia-Vallve et al. 2003) . Genes that were less than 100 codons in length (not including the start and stop codons) were also removed from each organism's gene set to minimize sampling effects and potential length biases (Eyre-Walker 1996) .
All but one version of each paralogous locus was also removed from each organism's gene set. Paralogs were identified with unfiltered Blast (http://www.ncbi.nlm.nih. gov/BLAST/) searches (Altschul et al. 1990 ) that were individually performed with all proteins in each organism against all other proteins from that organism. Proteins with greater than 60% amino acid identity over a stretch of more than 60 amino acids in these intraorganismal searches were considered to be paralogous. This approach made our results directly comparable to Akashi and Gojobori (2002) . Only the single paralog with a GC content closest to the organism's genomic GC content was retained. The number of genes included for each organism as well as total codon counts are shown in table 1.
Amino Acid Production Cost
Organismal amino acid biosynthetic costs were determined by adding the number of high-energy phosphate bonds required to synthesize precursor molecules to those expended to convert the precursors to amino acids as described by Akashi and Gojobori (2002) . The amount of potential energy lost by diverting precursors to amino acid production was also included in the total cost estimates (Craig and Weber 1998) . The 6 organisms considered in this study utilized 1 of 2 different pathways for amino acid synthesis ( fig. 1) : either chemoheterotrophic or photoautotrophic. The principle difference between these 2 pathways is that photoautotrophs utilize the Calvin cycle (Poolman et al. 2000) to feed precursors into the Embden-MeyerhofParnas (EMP) pathway. Chemoheterotrophs and photoautotrophs then utilize 3 different central pathways to codons not including start and stop codons; phage-related genes: genes that are phage or transposon related; sequence does not match translation: when translated the nucleotide sequence that does not match the given protein sequence; HGT: any gene identified as a candidate for horizontal gene transfer; paralog: genes identified as paralogous; and auxotrophic: inability to produce amino acids.
synthesize individual amino acids ( fig. 1 ): the EMP pathway, the citric acid cycle, and the pentose phosphate pathway (Ogata et al. 1999; Overbeek et al. 2000) . Blast searches were also performed on the complete genomes of all the six 6 study organisms to determine if they were capable of synthesizing each of the 20 common amino acids. When the protein-coding regions were at least 20% identical at the amino acid level with the enzymes known to be involved in the biosynthetic pathways (Atkinson 1977) , it was concluded that a homolog to the enzyme used for a particular metabolic step was also available to the organism in question. When 50% or more of a specific amino acid biosynthetic pathway was absent, it was concluded that the organism was unable to synthesize the amino acid in question.
Major Codons and Average Protein Cost
Because protein expression can be difficult to quantify directly, adherence to MCU bias was calculated as an indicator of gene expressivity. Previous research (Akashi and Gojobori 2002) used MCU as an indicator of expression level for E. coli and B. subtilis. These 2 organisms exhibited a codon-usage bias driven by translational efficiency (Kanaya et al. 1999 ) (i.e., major codons and tRNA abundance were strongly related and ribosomal protein-coding genes exhibited high MCU scores). Similarly, 5 of the organisms in this study (B. subtilis, E. coli K12, Synechocystis sp. PCC 6803, C. trachomatis, and C. pneumoniae) have been shown to have a dominant translational bias (Carbone et al. 2005) . The other organism's (T. thermophilus) ribosomal protein-coding genes exhibited high MCU scores. Carbone et al. (2005) used codon adaptation index (CAI) in their analysis. Four of the 6 organisms (B. subtilis, E. coli K12, Synechocystis sp. PCC 6803, and T. thermophilus) exhibited strong correlations between MCU and CAI scores. CAI was relied upon for those that did not exhibit such correlations (C. trachomatis and C. pneumoniae) (Carbone et al. 2005) .
For each gene in an organism, the number of occurrences of each codon (excluding those for methionine, tryptophan, and stop codons) was tallied. Start codons were excluded because they are known to vary in prokaryotes, although still generally coding for methionine. Stop codons were likewise excluded because they have no associated tRNA and thus should not exhibit codonusage bias. Finally, methionine and tryptophan were excluded because they each have only a single codon and thus exhibit no usage bias. After these exclusions, each of the resulting 59 codon counts for each gene was then normalized to allow comparisons between genes with differing numbers of synonymous codons (relative synonymous codon usage; Sharp et al. 1986 ). For example, the number of GGT codons (1 of 4 synonymous codons for glycine) was divided by the total number of occurrences of all glycine codons within the gene, which was divided by the number of synonymous codons for glycine (4). The normalized values were assembled into a codon frequency matrix, in which each entry, f i,j , is the normalized count of codon j in gene i. The projection of these codon frequencies onto the 1-dimensional space that best captures their variability was obtained by calculating the dot product between the codon frequency matrix and the first principle component of this matrix ( fig. 2 ). This projection results in a single value for each gene that approximates the degree to which the gene contributes to the codon-usage variability of the genome. Intuitively, the 1-dimensional space given by the first principle component represents a trend in codon usage, and codons are determined to be major if they make a statistically significant positive contribution to this major trend. Therefore, a codon was designated to be major for the organism in question if there was a significant and positive correlation between the normalized frequencies for a particular codon and their projected values. Once the major codons for an organism were identified, the MCU for each gene was calculated by dividing the number of major codons in the gene by the total number of codons (excluding start, stop, methionine, and tryptophan codons).
The average biosynthetic cost of the amino acids in the proteins coded for by each individual gene in each organism was calculated by totaling the number of high-energy phosphate bonds (;PO 4 ) needed to synthesize each amino acid and then dividing by the total number of amino acids in the protein. As before, start and stop codons were excluded from consideration and did not contribute to either the phosphate bond or amino acid totals though methionine and tryptophan residues did. Although the start codon codes for an amino acid (usually f-methionine), the energy contribution of this amino acid is constant for all proteins and was not considered.
Statistical Analyses
Once the average biosynthetic cost and adherence to MCU were determined for each of the organism's genes, several statistical tests were performed to determine the degree to which cost and expressivity (as estimated by MCU) are correlated. First, genes were independently rank ordered by average amino acid biosynthetic cost and by adherence to organismal MCU for each organism. Spearman rank correlation (Spearman 1904 ) was performed on these ranked lists, and the threshold for significance was set at a 5 0.05.
In order to test the effect of biological function as a confounding factor, ranking by average amino acid biosynthetic cost and by adherence to organismal MCU for each organism was also performed after subdividing genes into the 16 functional categories based upon those listed on National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/COG/) (those that were labeled ''poorly characterized,'' ''general function prediction only,'' or ''function unknown'' were excluded). Akashi and Gojobori (2002) used the Micado database (Biaudet et al. 1997 ) and the University of Wisconsin E. coli Genome Web site (http://www.genome.wisc.edu/) as sources for functional category data on B. subtilis and E. coli, respectively. The functional categories used in our analyses came from a single database (COG database; Tatusov et al. 2003) in order to assure consistency in classification for all organisms. Genes falling above the median MCU value were designated as ''high adherence,'' whereas those that were below the median were designated as ''low adherence'' for the purpose of calculating the probability of divergence from equal amino acid usage in both categories by a Mantel-Haenszel test (Rosner 2000) . A Mantel-Haenszel Z-score (standard normal) and a Spearman rank correlation were calculated for each of the 20 amino acids. The threshold for significance for the Mantel-Haenszel test t-statistic was set at a 5 0.05.
Data Representation
For visualization purposes, data were grouped into 20 bins such that approximately 1/20th of the codons for an organism were placed into each bin. The exact number of codons varies slightly among bins to avoid dividing the codons for a single gene between 2 bins.
Results
Correlation between MCU and Amino Acid Production Cost
Statistically significant negative Spearman rank correlations (P , 0.05) were found between the adherence to codon-usage bias and the average biosynthetic cost per encoded amino acid in all 6 organisms analyzed (table 2  and fig. 3) .
Chlamydia trachomatis appears to preferentially utilize auxotrophic amino acids in highly expressed genes (average percentage of auxotrophic amino acid usage vs. expressivity yields an r S 5 0.24, P , 1 3 10 ÿ11 ). Despite that, it also exhibits a significant negative Spearman rank correlation between expressivity and average amino acid biosynthetic cost (r S 5 ÿ0.25, P , 1 3 10 ÿ12 ). After removing from consideration those amino acids for which C. trachomatis is auxotrophic (Thr, Met, Lys, Arg, Ala, Asp), the trend was even more negative (r S 5 ÿ0.28, P , 1 3 10 ÿ15 ). Chlamydophila pneumoniae AR39 appears to avoid utilization of auxotrophic amino acids in highly expressed genes (average percentage of auxotrophic amino acid usage vs. expressivity yields an r S 5 ÿ0.17, P , 1 3 10 ÿ7 ). It also exhibits a significant negative Spearman rank correlation between expressivity and average amino acid biosynthetic cost (r S 5 ÿ0.14, P , 1 3 10 ÿ6 ). After removing from consideration those amino acids for which C. pneumoniae AR39 is auxotrophic (His, Leu, Pro, Ala, Glu, Gln), the trend is still negative (r S 5 ÿ0.08, P 5 0.0083).
Correlation between MCU and Cost in Functional Categories in Organisms
Proteins in different functional categories may have differing compositional constraints and expression levels. NCBI (http://www.ncbi.nih.gov/genomes/lproks.cgi) apportions all genes into 1 of 16 different functional categories (Tatusov et al. 2003 ). Spearman rank correlations were determined in all 16 functional categories for all genomes in the study except for those of C. pneumoniae and T. thermophilus (whose genes have not yet been assigned to functional categories). For each Spearman rank correlation coefficient, a t-statistic was calculated, and a P value was obtained to determine significance. No single category seems to be responsible for the correlation between MCU and average amino acid production cost (table 3). All 16 subcategories for B. subtilis, E. coli K12, and Synechocystis sp. PCC 6803 displayed either negative correlations or statistically insignificant correlations between the average amino acid cost and MCU (table  3) . The trends observed in our analysis and by Akashi and Gojobori (2002) are similar, though not directly comparable due to subtle differences in assignment to functional categories. For C. trachomatis, 3 categories (translation; ribosomal structure and biogenesis, energy production and conversion, and lipid metabolism) showed a statistically significant positive correlation. All the other functional categories in this organism were not statistically significance (table 3) .
Correlation between MCU and Cost in Hydrophilic, Hydrophobic, and Ambivalent Amino Acids
The physicochemical makeup of different amino acids has a strong effect upon their structural and functional roles within proteins. Akashi and Gojobori (2002) recognized this relationship as a potential confounding factor in identifying potential correlations between amino acid cost and protein expressivity. To identify the role of amino acid chemistry, the 20 common amino acids were grouped into 3 physicochemical classes: internal, external, and ambivalent. Internal amino acids are largely hydrophobic and tend to occur within the core of a protein isolated from solvent. External amino acids are those polar and charged amino acids that are prevalent at the solvent-exposed surface of the protein. Finally, ambivalent amino acids are amphipathic or borderline residues that are generally equally frequent within the core or at the surface of a protein. A Spearman rank correlation test was used to determine the significance of the relationship between MCU and synthetic cost of amino acids within each of these 3 categories.
For the hydrophobic amino acids (Phe, Leu, Ile, Met, Val), statistically significant negative correlations between MCU and amino acid cost for all organisms were seen ( fig. 4) .
All organisms, except C. pneumoniae and Synechocystis sp. PCC 6803, gave a negative and significant trend between MCU and amino acid cost when only hydrophilic amino acids (His, Arg, Lys, Gln, Glu, Asn, Asp) were considered (see table 2 and fig. 5 ). The trend in C. pneumoniae (P 5 0.16) and Synechocystis sp. PCC 6803 was not significant (P 5 0.32). Negative trends between MCU and amino acid production cost were found for ambivalent amino acids (Trp, Tyr, Cys, Ala, Ser, Gly, Pro, Thr) in B. subtilis, E. coli K12, C. trachomatis, and Synechocystis sp. PCC 6803 (see table 2 and fig. 6 ). The correlation for C. pneumoniae (P 5 0.21) and T. thermophilus (P 5 0.10) were not found to have a significant Spearman rank correlation coefficient.
Amino Acid Utilization and Gene Expression Levels
In order to look at how individual amino acid usage changed in highly expressed genes and in functional categories, Spearman rank correlation (Spearman 1904) and Mantel-Haenszel tests (Rosner 2000) were performed for each individual amino acid. Significance was determined by a t-statistic for Spearman rank correlations (P , 0.05) and by a sequential Bonferroni 2-tailed test (P , 0.05) for the Mantel-Haenszel tests. The objective of these tests was to determine if the amino acid was increasing or decreasing as a function of MCU, both overall and within functional categories. The results demonstrate that low-cost amino acids tend to increase with MCU, both overall and within each of the 16 functional categories examined. Similarly, amino acids with high biosynthetic costs tend to decrease with MCU, both overall and within all 16 functional categories considered. For example, phenylalanine (Phe) in table 4 either decreases or has statistically insignificant increases in all 4 organisms where functional categories have been assigned to genes. The same is true of tryptophan (Trp) in all cases. Asparagine (Asn) increases in all organisms except Synechocystis sp. PCC 6803. This trend holds in general with only a few exceptions. The less energetically costly amino acids tend to increase with MCU, and the energetically costly amino acids tend to decrease (table 4).
Discussion
So much of what we know about the molecular biology and physiology of microorganisms has been learned from batch culture, chemostats, and turbidostats; we forget that this state of balanced growth is totally unnatural and few if any microorganisms experience such conditions in their natural habitats (Koch 1997) . Most natural environments are octogonous for nutrients, and energy supplies are always limited. Microorganisms in these habitats exist in a continuous state of starvation that must be addressed in order for them to survive. As species and individuals, they are constantly in competition with other microorganisms for carbon and other essential nutrients. Even E. coli and other species that naturally inhabit the mammalian gut are in a state of starvation for most of their existence (Koch 1971) . Only when the host organism has a meal does a transient flood of carbon, nitrogen, energy, and other building blocks become available to these organisms. These conditions have led to the development of many adaptive responses necessary to deal with a life of constant feast and famine (Koch 1971) . In fact, many bacteria have adapted so well to these oligotrophic conditions that their introduction into an environment rich in nutrients is deleterious and even lethal (Koch 1979; Poindexter 1981; Dykhuizen 1995; Colwell and Grimes 1997) .
Under these conditions of starvation, any energy saving has the potential to translate into an increased capability for biomass production and, hence, an increased probability that the species will survive. With approximately 20-60 billion high-energy ;PO 4 bonds expended in the creation of a single E. coli cell (Stouthamer 1973) , any saving of energy in the production of cellular components is evolutionarily desirable. Because highly expressed proteins are often found in concentrations of 50,000-100,000 copies per cell (Akashi and Gojobori 2002), they are a primary production cost to the cell. The production of these proteins is not limited to simply the production of peptide bonds but includes the energy needed to synthesize their amino acidbuilding blocks. Many parts of a protein can sustain substitution of synonymous amino acids (those similar in their physical and chemical properties) without detriment to the biological function of the protein. Thus, selection for proteins with less energy-expensive amino acids can save considerable energy. Even at a saving of 1-2 high-energy ;PO 4 bonds per protein molecule, a total saving of 0.01% of the energy necessary to make an E. coli cell can be easily realized. Under natural conditions of semistarvation and extreme competition, these savings may give a cell just the selective advantage necessary to win the game of natural selection. The ecology of the organisms we evaluated (Miller and Day 2004) and their strong codon-usage biases (Carbone et al. 2005) are consistent with all of them having sufficiently large effective population sizes such that the observed trends are unlikely to be due to random genetic drift. Akashi and Gojobori (2002) demonstrated that the evolutionary record for the chemoheterotrophic mesophiles E. coli and B. subtilis is consistent with this expectation by showing a negative correlation between the frequency of less energy expensive synonymous amino acids and the level of gene expression. Thus, the proteins that are most abundant in the cell have had the greatest selective pressure to substitute energy-thrifty amino acids for those that require more energy to produce. The lifestyles and physiologies of E. coli and B. subtilis allow for relatively unrestricted latitude in amino acid substitution in the nonessential regions of their proteins. However, various environmental conditions such as extreme temperature and metabolic strategies such as phototrophy may greatly alter an organism's ability to tolerate (or perhaps to even need) such substitutions.
To begin an exploration of the effects of metabolic and ecological lifestyle on the correlation between high expressivity and frequency of energy-efficient amino acid utilization, we have confirmed the observations of Akashi and Gojobori (2002) and extended them to 4 additional species with distinctly different metabolic and environmental lifestyles. Our findings for E. coli and B. subtilis are in substantive agreement with those of Akashi and Gojobori (2002) . Slight differences between our results and those of Akashi and Gojobori (2002) for E. coli and B. subtilis are likely to be due to minor changes in the NCBI sequence files for the 2 organisms since the original study of Akashi and Gojobori. Of greater importance, however, is our finding that although the general trend observed for these 2 generalists (with similar metabolic pathways and energy-garnering strategies) also holds for the 4 additional prokaryotic species examined in this study, the specifics reflect their diversity of metabolic and physiological life strategies. Synechocystis sp. PCC 6803 is a photoheterotrophic mesophile that acquires energy from the capture of light energy and obtains carbon from organic forms. This freeliving cyanobacterial genus is found in various aquatic habitats that are often oligotrophic (Ditty et al. 2005) . Interestingly, phototrophy does not lead to energy savings in amino acid biosynthesis when compared with a chemoheterotroph such as E. coli (table 4) . Consistent with this, Synechocystis sp. PCC 6803 show similar correlation with Escherichia and Bacillus between expressivity and amino acid usage (table 2 and fig. 3) .
Although a chemoheterotroph, T. thermophilus is an obligate thermophile. Life at high temperature imposes restrictions on protein structures that are not relevant to mesophiles (Kumar et al. 2000; Gianese et al. 2002) . Thus, T. thermophilus would be expected to encounter more constraints on substitution of synonymous amino acids and might be forced to sacrifice energetic economy in favor of stability and function in the selection of amino acids for highly expressed protein. Our data support this hypothesis as the Spearman rank correlation for T. thermophilus is less negative than for any of the 3 free-living mesophiles (table 2) . This difference is most dramatic in the ambivalent class of amino acids where one might expect the greatest freedom of substitution in mesophiles. Hence, it appears that restraints due to adaptations to its extreme environment have reduced T. thermophilus's ability to evolve proteins for maximal energy savings. A weak relationship between genomic AT content and average amino acid biosynthetic cost may exist (Akashi and Gojobori 2002; Rocha and Danchin 2002) . Indeed, the organism with the highest genomic GC content in this study (T. thermophilus; table 1) does exhibit generally lower costs for its amino acid biosynthesis. Similarly, the organism with the highest AT content (C. trachomatis; table 1) exhibits the highest overall amino acid biosynthetic cost ( fig. 3) and also a stronger association between biosynthetic cost and expressivity (table 2) .
The 2 auxotrophic organisms in this study appear to have adopted different strategies with respect to the use of amino acids they derive from their environment. Chlamydia trachomatis effectively treats auxotrophic amino acids as if their biosynthetic costs were less than the cost it takes to synthesize them by itself (table 2 and fig. 3 ) and preferentially utilizes these amino acids in highly expressed genes (average percentage of auxotrophic amino acid usage vs. expressivity yields an r S 5 0.24, P , 1 3 10 ÿ11 ). Chlamydophila pneumoniae appears to place greater weight on reliable availability of its heterotrophic amino acids than the biosynthetic cost savings associated with its auxotrophic amino acids (average percentage of auxotrophic amino acid usage vs. expressivity yields an r S 5 ÿ0.17, P , 1 3 10 ÿ7 ). Chlamydophila pneumoniae's transition to auxotrophy is likely to have occurred approximately 700 MYA (Horn et al. 2004) , making it unlikely that its avoidance of auxotrophic amino acids is simply a reflection of its ancestral amino acid usage. Despite the alternative strategies of C. trachomatis and C. pneumoniae, both adhere to the universal trend to preferentially utilize inexpensive heterotrophic amino acids in highly expressed genes ( fig. 3 and table 2) .
It is interesting to note that each of these organisms has tended to lose the ability to anabolize the more energetically costly amino acids (see table 3 for individual amino acid costs). Chlamydia trachomatis was determined in these analyses to be auxotrophic for the production of Ala, Thr, Arg, Lys, Met, and Asp. Of these, only alanine is a low-energy amino acid. This trend is even more dramatic in C. pneumoniae, which was determined in these analyses to be auxotrophic for His, Leu, Pro, Ala, Glu, and Gln. The less oligotrophic nature of C. trachomatis's environment is also reflected in our results. Even among those amino acids that it synthesizes for itself, the Spearman ranking is less negative than for the free-living mesophiles (table 4) . This may reflect the organism's increased ease in obtaining these amino acids from its environment.
The results presented in this article demonstrate the usefulness of expanding the studies of amino acid utilization to additional species from various habitats and having various metabolic strategies for the acquisition and synthesis of amino acids and their building blocks. They also suggest several additional lines of investigation. For instance, it may be possible to determine an organism's ''perceived'' amino acid biosynthetic cost that, in turn, may lead to the discovery of previously unappreciated biosynthetic or transport opportunities. Analysis of substitutions within classes of amino acids (external, internal, and ambiguous) may also facilitate explorations of the contributions of specific amino acids to protein structure and function. Differences in the average amino acid biosynthetic cost among paralogs (Miller and Day 2004) might be revealed in the event of rapid evolution of one or more of these genes toward new functions or, conversely, their drift toward pseudogene status/irrelevancy. Conformation to energy conservation may even allow estimation of a protein's (such as the various RecA proteins; Miller 2000) initial appearance in evolutionary time. Similarly, it might also be possible to gauge the rate at which this trend toward energetic efficiency affects change in an organism's genome through analyses of species such as Coxiella burnetii (Seshadri et al. 2003 ) that have adopted intracellular lifestyles only recently in evolutionary time (E. Shaw, personal communication). Efficient energy management of protein synthesis requires a tight coupling between regulation of amino acid biosynthesis and the need for these amino acids in protein synthesis (Akashi and Gojobori 2002). Conway's group has demonstrated through microarray analysis that the amino acid biosynthetic genes of E. coli are induced in minimal medium but are repressed in rich medium (Tao et al. 1999) . This tight regulation of amino acid biosynthesis is surely an adaptation to the feast-famine (Koch 1979 ) mode of existence that E. coli naturally encounters on a daily basis. The comparison of amino acid energy cost with microarray data as they become available may ultimately provide a more accurate picture of the correlation of amino acid usage with expressivity than does MCU. This is especially true in organisms where MCU is a weak predictor of expressivity (i.e., the organism does not exhibit a dominant codon-usage bias that increases translational efficiency by exploiting tRNA abundance). Relationships between amino acid-altering mutations and MCU can be weak or nonexistent in such organisms (Akashi 2003) .
The analyses reported here have confirmed the observations of Akashi and Gojobori (2002) that increased expressivity of genes is correlated with the substitution over evolutionary time of low-energy production amino acids for synonymous amino acids that cost more energy to biosynthesize. It also expands their study to include obligate intracellular pathogens, a thermophilic species, and a photochemotrophic species. Our data demonstrate that, as Akashi and Gojobori (2002) suggested, compliance to this principle varies with lifestyle and habitat. Expansion of analyses of this kind to organisms of various metabolic groups including chemo-and photolithotrophs and to other extremophiles including psychrophiles, barophiles, halophiles, and even anaerobic fermentative species is likely to provide even further insights into proteome evolution. It will be most interesting to see if our observations and predictions on the restraints that unusual environments place on protein structure will be borne out in the trends seen in their amino acid energy conservation patterns. 
